wall followine. follow-the-leader. and nosition redation A visual servo tracking controller is developed in this paper for a monocular camera system mounted on an underactuated wheeled mobile robot (WMFL) subject to nonholonomic motion constraints (i.e., the camera-in-hand prob lem). A prerecorded image sequence (e.g., a video) of three target points is used to define a desired trajectory for the WMR. By comparing the target points from the prerecorded sequence with the corresponding target points in the live image, projective geometric relationships are exploited to construct a Euclidean homography. The information obtained by decomposing the Euclidean homography is used to develop a kinematic controller. A Lyapunovbased analysis is used to develop an adaptive update law to actively compensate for the lack of depth information required for the translation error system.
I. INTRODUCTION
Wheeled mobile robots (WMRs) are often required to execute tasks in environments that are unstructured. Due to the uncertainty in the environment, an intelligent sensor that can enable autonomous navigation is well motivated. Given this motivation, researchers initially targeted the use of a variety of sonar and laser-based sensors. Some initial work also targeted the use of a fusion of various sensors to build a map of the environment for WMR navigation (see 1171, 1191, 1281, 1291, 1311, and the references within).
While this is still an active area of research, various shortcomings associated with these technologies and recent advances in image extraction/interpretation technology and advances in control theory have motivated researchers to investigate the sole use of camera-based vision systems for autonomous navigation. For example, using consecutive image frames and an object database, the authors of 1181 recently proposed a monocular visual servo tracking controller for WMRs based on a linearized system of equations and Extended K h a n Filtering (EKF) techniques. In this paper, a homography-based visual servo control strategy is used to force the Euclidean position/orientation of a camera mounted on a WMR (i.e., the camera in hand problem) to track a desired timevarying trajectory defined by a prerecorded sequence of images. By comparing the features of an object from a reference image to features of an object in the current image and the prerecorded s e quence of images, projective geometric relationships are exploited to enable the reconstruction of the Euclidean ccordinates of the target points with respect to the WMR coordinate frame. The tracking control objective is naturally defined in terms of the Euclidean space, however, the translation error is unmeasurable. That is, the Euclidean reconstruction is scaled by an unhown distance from the camera/WMR to the target, and while the scaled position is measurable through the homography, the nnscaled position error is unmeasurable. To overcome this obstacle, a Lyapunov-based control strategy is employed that provides a framework for the construction of an adaptive update law to actively compensate for the unknown depth-related scaling constant. While similar techniques as in [I21 are employed for the Euclidean reconstruction from the image data for the WMR system, new development is provided in this paper to develop a tracking controller. In contrast to visual servo methods that linearize the system equations to facilitate EKF methods, the Lyapunov-based control d e sign in this paper is based on the full nonlinear kinematic model of the vision system and the mobile robot system.
PROBLEM FORMULATION
As illustrated in Fig. 1 , the origin of the orthogonal coordinate system F attached to the camera is coincident with the center of the WMR wheel axis (i.e., the camera is "in-hand"). As also illustrated in Fig. 1 , the sy-axis of 3 defines the plane of motion where the x-axis of F is perpendicular to the wheel axis, and the y-axis is parallel to the wheel axis. The z-axis of 3 is perpendicular to the plane of motion and is located at the center of the wheel axis. The linear velocity of the WMR along the z-axis is denoted by uc(t) E B, and the angular velocity q ( t ) E W is about the T-ads (see Fig. 1 ). The desired trajectory is defined by the prerecorded time-varying trajectory of F d that is assumed to be second-order differentiable. The desired trajectory is obtained from a prerecorded set of images of a stationary target viewed by the on-board camera as the WMR moves.
For example, the desired WMR motion could be obtained as an operator drives the robot via a teach pendant, and the on-board camera captures and stores the sequence of images of the stationary target. A fixed orthogonal coordinate system, denoted by T', represents a k e d (i.e., a single snapshot) reference position and orientation of the camera relative to the stationary target. Based on the definition of these coordinate frames, the goal of this paper is to develop a homography-based visual servo controller that will force 3 to track the position and orientation trajectory provided by Fd. 
under the standard assumption that the distances from the origin of the respective coordinate frames to the targets along the focal axis remains positive (i.e., xi (t) , zdi(t), zf 2 E > 0 where E is an arbitrarily small positive constant). The rotation from +' to 3 is denoted by R(t) E S0(3), and the translation from 3 to T' is denoted by x j (t) E R3 where zf (t) is expressed in 7.
Similarly, Rd(t) E SO(3) denotes the desired timevarying rotation from T' to F d , and s j d ( t ) E B3 denotes the desired translation from F d to T' where Zfd (t) is expressed in 3 d . Since the motion of the WMR is constrained to a plane, x j (t) and Zfd(t) are defined as follows
From the geometry between the coordinate frames depicted in Fig. 2, fi; can be related to %i(t) and a d i ( t ) as follows fi; X j + Rfi: 7%; = Z j d + RdfiLf . 
The rotation angles are assumed to be confined to the following regions
From the geometry given in Fig. 2 
where n* = [n: n; n;] E R3 denotes the constant unit normal to T . From (7), the relationships in (3) can be expressed as follows 
B. Euclidean Reconstruction
The relationship given in (3) provides a means t o quan- 
functions ( I d i ( t ) , &(t), &(t), and

X h d ( t )
. since these signals can be obtained from the prerecorded sequence of images, sufficiently smooth functions can be generated for these signals by fitting a sufficiently smooth spline function to the signals. Hence, in practice, X h d ( t ) can be constructed as bounded functions with sufficiently bounded time derivatives. Given g d ( t ) and the time derivative of R&), &(t) can be determined. In the subsequent tracking control development, z h d l ( t ) and g d ( t ) will be used as feedforward control terms.
CONTROL DEVELOPMENT
The control objective is to ensure that the coordinate frame 7 tracks the time-varying trajectory of 7 d (i.e., %;(t) tracks m d i ( t ) ) . This objective is naturally defined in term of the Euclidean positionforientation of the WMR. Specifically, based on the previous development, the trans lation and rotation tracking error, denoted by e(t) where v(t), w(t) E lR3 denote the respective linear and angular velocity of the WMR expressed in 7 as
and [zf], denotes the 3 x 3 skew-symmetric form of z f ( t ) .
After substituting (14) into (20), the time derivative of the translation vector Z h (t) can be written in terms of the linear and angular velocity of the WMR as follows
After incorporating (21) into (22), the following expression can be obtained
X h l = --+ XhZW.
f h 2 = -2 h l W c where (14) was utilized. Given that the desired trajectory is generated from a prerecorded set of images taken by the on-board camera as the WMR was moving, a similar expression as (22) can be developed as follows
where vd(t), w d ( t ) E W denote the respective desired linear' and angular velocity of the WMFl expressed in F d . After substituting (14) into (24), the time derivative of the translation vector Xhd (t) can be written as follows where the definition of e z ( t ) given in (19), and the second equation of (25) was utilized. To facilitate the subsequent development, the auxiliary variable E2 ( t ) E B is defined as
After taking the time derivative of (27) and utilizing (26), the following expression is obtained
Based on (27), it is clear that if E z ( t ) , e3(t) + 0, then e z ( t ) -0. Based on this observation and the open-loop dynamics given in (28), the following control development is based on the desire to prove that el (t) , EZ (t) , e3 ( t ) are asymptotically driven to zero.
B. Closed-Loop Ermr System
Based on the open-loop error systems in (26) and (28), the linear and angular velocity kinematic control inputs for the WMR are designed as follows
where k,, kW E W denote positive, cpnstant control gains. In (29), the parameter update law d*(t) E B is generated by the following differential equation
where y1 
IV. STABILITY ANALYSIS Theorem 1: The adaptive update law defined in (31) dong with the control input designed in (29) and (30) ensure that the WMR tracking error e ( t ) is asymptotically driven to zero in the sense that lim e ( t ) = 0 (34) The condition in (44) is comparable to typical WMR tracking results that restrict the desired linear and angular v e locity. For an in-depth discussion of this type of restriction including related previous results see [lo] .
V. CONCLUSIONS In this paper, the positionjorientation of a WMR is forced to track a desired timevarying trajectory defined by a prerecorded sequence of images. To achieve the re sult, multiple views of three target points were used to develop Euclidean homographies. By decomposing the Euclidean homographies into separate translation and IC+ tation components, reconstructed Euclidean information was obtained for the control development. A Lyapunovbased stability argument was used to design an adaptive update law to compensate for the fact that the reconstructed translation signal was scaled by an unknown depth parameter. The impact that the development in this paper makes is that a new analytical approach has been d e veloped using homography-based concepts to enable the position/orientation of a WMR subject to nonholonomic constraints to track a desired trajectory generated from a sequence of images, despite the lack of depth measure ments. Our future efforts will target experimental demonstration of the developed controller and the development of analytical Lyapunov-based methods for WMR visual servo tracking using an off-board camera similar to the problem in [9] without the restriction that the camera by fixed perpendicular to the WMR plane of motion.
